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Introduction
Insulin secretion from the pancreatic b-cells normally maintains glucose levels within a narrow range. Insulin resistance of target cells induces a compensatory upregulation of insulin secretion, and insulin secretion can be 3-4 times higher in obese compared with lean individuals. 1 The upregulated insulin output under conditions of insulin resistance has been attributed to both increased b-cell mass and enhanced secretion from the individual b-cells, [2] [3] [4] but the underlying mechanisms remain poorly understood. 3 A vicious cycle has been proposed to precipitate T2D, in which the compensatory hyperinsulinemia exacerbates insulin resistance and contributes to b-cell exhaustion and deteriorating glucose control over time. 3, 5 Glucose is metabolized in the b-cell to generate cytosolic ATP, which leads to closure of ATP-sensitive K C channels (K ATP -channels) and Ca 2C -dependent exocytosis. 3 In addition, several mechanisms affect insulin secretion via G-protein-coupled receptors (GPCRs), 6 but these pathways are not fully elucidated. GPCRs interact with heterotrimeric G-proteins and integrate a plethora of hormonal signals via second messengers such as cAMP and inositol 1,4,5-trisphosphate (IP 3 ). GPCRs have attracted considerable interest as putative therapeutic targets for type 2 diabetes (T2D) and other metabolic diseases, 6 with the glucagon-like peptide-1 receptor (GLP1R) and the free fatty acid receptor 1 (GPR40) as 2 examples. 7, 8 However, we have still limited knowledge of how GPCRs affect the pathophysiology of T2D. 6 Identification of additional GPCRs of relevance to T2D could therefore have substantial impact on our understanding and management of the disease.
Polygenic diseases like T2D typically involve subtle expression changes in a plethora of genes, which may be difficult to identify by differential expression analysis of individual genes. 9 It has therefore been suggested that analysis of coordinated changes in gene co-expression networks could be used as an alternative approach to provide pathophysiological insights for complex polygenic diseases. 9, 10 Previously, we have demonstrated the usefulness of applying network models to global gene expression data from metabolic tissues to identify new disease genes for T2D. 11 Here, we use network modeling of gene expression data from human pancreatic islets to find GPCRs of relevance to islet secretory function and T2D and identify F2RL2, which encodes protease-activated receptor-3 (PAR3), 12 as a link between hypercoagulability and hyperinsulinemia.
Materials and Methods

Human islets
Experimental procedures were approved by the local ethical committees. Microarray raw data have been deposited in a MIAME database (GEO, accession number: GSE38642).
Bioinformatics
The network analysis was performed using qpgraph in R. 13 See also Extended Methods.
Insulin secretion and exocytosis measurements were conducted as previously described.
11
[Ca 2C ] i measurements. [Ca 2C ] i was estimated by Fluo-5F (Invitrogen, USA).
Thrombin generation in T2D patients T2D patients from the "Detailed mapping of type 2 diabetes" (DIACT) cohort were analyzed for thrombin generation potential.
Statistical analyses
Student's t-test was used for comparisons of data from the cellular and animal experiments.
Results
Identification of modules with GPCR-connected genes
To identify GPCRs that regulate b-cell function in T2D we devised a network-based approach using global microarray expression data from human islets donors (n D 43), of which 19 had T2D ( Fig. 1 and ESM Table 1 ). We estimated a gene network from the expression data using limited-order partial correlations to distinguish true gene connections from those that may result from non-biological confounding effects, such as batch variation between microarrays. 13 The presence of an 'edge' in the network (suggesting a connection between 2 genes) was determined by a cutoff e on the portion of non-rejected tests for partial correlation. We used e D 0.4 as a cutoff, which means that the presence of an edge in the resulting gene network is supported by at least 60% of the partial correlation tests.
We used the gene network to identify GPCRs that are associated with T2D traits. We focused on receptors that have endogenous ligands with known functions to facilitate the coupling of GCPRs to pathophysiological mechanisms. A total of 77 such GPCRs (ESM Table 2 ) have been reported in the International Union of Pharmacology database. 14 We mapped these GPCRs to the network and analyzed their connectedness to other genes. In this manner, we identified 15 gene modules that contained a GPCR that was connected with at least 10 other genes (ESM Table 3 ).
The identified modules were further characterized using 2 different approaches. The module genes were first mapped to a protein-protein interaction network constructed from publically available data. 15 We used the GUILD algorithm to obtain a score for each module based on the number of genes in the module that are suggested to be involved in T2D according to the Online Inheritance in Man database. 15 The GUILD algorithm assumes that genes that are connected to disease genes are more likely to be of pathophysiological relevance. 15 Rather than analyzing each gene individually, we next computed the singular value decomposition of the gene expression traits of each module. We used the values of the first right-singular vector as summary expression of the module. 16 For each module we estimated the correlation between the first right-singular vector and islet insulin secretion or HbA 1c of the 43 donors. Four modules in the upper range of the GUILD score rank were nominally associated with HbA 1c or glucose-stimulated insulin secretion (ESM Table 3 ). Two of them contained BDKRB1 and BDKRB2, which encode the bradykinin receptor B1 and B2, respectively. Activation of these receptors has been shown to stimulate insulin secretion both in vitro and in vivo. [17] [18] [19] One module contained the GLP1R, which mediates the stimulatory effect of glucagon-like peptide-1 on insulin secretion. 20 The GPCR contained in the final module, F2RL2, has not previously been implicated in T2D and we therefore investigated its role in insulin secretion in greater detail.
Characterization of F2RL2
F2RL2 encodes PAR3 (also termed coagulation factor II [thrombin] receptor-like-2). Four subtypes of protease-activated receptors (PARs) have been identified (PAR1-4). 21 They have a unique mode of activation; cleavage of their N-terminal by thrombin or trypsin exposes a cryptic domain that acts as a 'tethered ligand' to trigger receptor auto-activation or activation of other PARs. 22, 23 The cryptic domain of PAR3 in particular has been shown to activate other PARs. 22, 23 PARs are present on platelets and mediate coagulation but are also expressed in several other cell types, including human islets. 6, 21 The receptors have been shown to regulate tumor microenvironment and T-cell activation. PAR3 has not previously been implicated in islet function.
Synthetic peptides 5 to 6 amino acids (aa) long, corresponding to the sequences of the PAR-tethered ligands, can substitute for thrombin in activating PARs and have proved useful for characterizing the cellular effects of PAR activation. 21 We treated mouse islets with the 6-aa PAR3-activating peptide (PAR3-AP; SFNGGP) at 20 mmol/l, which is in the range of what has previously been shown to induce cellular effects. 22, 24 PAR3-AP stimulated insulin secretion by 90% at basal glucose measured during a 1-h static incubation in Krebs-Ringer bicarbonate buffer (KRBB) (p D 0.02). Moreover, PAR3-AP stimulated insulin secretion by 130% at high glucose (p D 0.01; Fig. 2A ), which is higher than typically seen in response to GLP1. 25 The other PAR-activating peptides (PAR1-AP, PAR2-AP and PAR4-AP) were without effect on insulin secretion. (Fig. 2B) Since thrombin is the physiological activator of PAR3 we incubated mouse islets in the standard cell culture medium (at 11 mmol/l glucose) supplemented with 10 nmol/l thrombin (a concentration that has been shown to cleave 80% of PAR3 [12] ). By immunostaining of rat pancreatic sections we verified that thrombin can normally penetrate into the islets (ESM Fig. 1A ). After 2 h incubation, the amount of insulin secreted into the culture medium was 140% higher in the presence of thrombin compared with islets incubated without thrombin (p D 0.03; Fig. 2C ), and insulin levels were increased by 87% after 12 h (p D 0.01) and by 29% after 24 h incubation (p D 0.08). Thrombin also tended to increase insulin secretion during 1-h incubations in KRBB with 16.7 mmol/l glucose (ESM Fig. 1B ). Long-term incubation with PAR3-AP stimulated insulin release to a similar extent to that of thrombin and increased insulin levels by 173% after 2 h (p D 0.005), by 101% after 12 h (p D 0.01) and by 36% after 24 h compared with islets cultured in the absence of PAR3-AP (p D 0.04; Fig. 2C ).
We next used an antibody (H103, generated using aa1-103 of PAR3 as the antigen), which binds to the thrombin cleavage site of PAR3 and blocks thrombin-mediated PAR3 activation. 26 Incubation of mouse islets with H103 at 25 mg/ ml prevented the stimulatory effect of thrombin on insulin secretion (p D 0.02 at 2 h;p D 0.0002 at 12 h;p D 0.01 at 24 h for comparisons between islets incubated in the presence of thrombin with or without H103; Fig. 2C ). Incubation with H103 alone had no significant effect on insulin levels after 2 or 12 h, but tended to reduce the insulin levels by 30% after 24 h (p D 0.08; Fig. 2C ). These data suggest that thrombin stimulates insulin secretion by activation of PAR3.
PAR3-AP increases b-cell exocytosis
Insulin is released from the b-cells in a characteristic biphasic manner: a transient first phase (10-15 min) is followed by a sustained second phase. 3 We examined insulin exocytosis in single mouse b-cells by measuring cell capacitance. We applied depolarizations to stimulate glucose-induced electrical activity, and monitored the increase in cell area that results when secretory granules fuse with the plasma membrane. The exocytotic response to a train of 10 depolarizations was increased by 70% when 20 mmol/l PAR3-AP was included in the extracellular solution for 10-15 minutes prior to the recording (p D 0.03; Fig. 2D ). The integrated Ca 2C -current, which reflects the cumulative Ca 2C -entry, was also increased in PAR3-APtreated cells compared with control cells (p D 0.01; Fig. 2E ). Both rapid exocytosis (estimated as the response to the first 2 depolarizations) and slow exocytosis (the response to pulses 3-10, proposed to correlate with first-and second-phase insulin secretion 3 ) were increased by PAR3-AP (by 61 and 91%, respectively). These observations were paralleled by insulin secretion experiments of mouse islets at 16.7 mM glucose, showing that PAR3 stimulated insulin secretion by 52% during the first 10 min (p D 0.05) and by 170% (p D 0.07) during 11-60 min of the incubation period (ESM Fig. 1C ).
PAR3-AP acts via Gq proteins PAR3-AP stimulated exocytosis also in clonal insulin-secreting INS-1 832/13 cells (p D 0.01; Fig. 2F) , independently of the depolarization pulse length (ESM Fig. 2A ). The peptide did not affect apoptosis rate (ESM Fig. 2B ). PARs have been suggested to signal via both G i /G o and G q proteins. 21 In all capacitance recordings, cytosolic cAMP was clamped to the concentrations of the pipette-filling solution (0.1 mmol/l), and altered cAMP production through G i /G o signaling accordingly cannot account for the effect of PAR3-AP on exocytosis. G q proteins, on the other hand, activate phospholipase C to generate diacylglycerol and 3 , which results in release of Ca 2C from intracellular stores. We therefore investigated the potential involvement of G q protein signaling in the effect of PAR3-AP on the exocytotic response.
We first treated INS-1 832/13 cells with the phospholipase C inhibitor U73122 (5 mmol/l). Addition of U73122 alone produced a slight reduction of the exocytotic response compared with the control (30%;p D 0.048; Fig. 2F) . Interestingly, the stimulatory effect of PAR3-AP was abolished in the presence of U73122 (p D 2E-5; Fig. 2F ). This was paralleled by experiments in which 5 mmol/l xestospongin C, which blocks the receptor for IP 3 on the endoplasmic reticulum (ER), was included in the pipette solution that dialyzes the cell interior. Xestospongin C prevented the stimulatory effect of PAR3-AP on exocytosis (p D 0.01; Fig. 2G ). We also assessed the involvement of protein kinase C (PKC), which is activated by diacylglycerol, and found that the PKC inhibitor GF109203X (2.4 mmol/l) prevented the effect of PAR3-AP on exocytosis (p D 0.002; Fig. 2H ). These findings were paralleled by measurements of insulin secretion in mouse islets, showing that the stimulatory effect of PAR3 on glucose-induced insulin secretion was attenuated by U73122 and GF109203X (ESM Fig. 1D ). The data taken together suggest that PAR3-AP stimulates exocytosis via G q protein signaling. (Fig. 3B) . However, even in the presence of isradipine, PAR3-AP was able to significantly increase [Ca 2C ] i (p D 0.005). These observations were further corroborated by capacitance measurements of INS-1 832/13 cells, which showed that PAR3-AP enhanced exocytosis in the presence of isradipine (5 mmol/l) and SNX-482 (100 nmol/l), applied to block L-type and R-type voltage-gated Ca 2C -channels, respectively (Fig. 3C) . We then examined the involvement of intracellular Ca 2C -stores in the PAR3-AP-mediated increase of [Ca 2C ] i by using 30 mmol/l cyclopiazonic acid (CPA) that inhibits the Ca 2C -ATPase in the endoplasmic reticulum and thus empties the intracellular Ca 2C -stores. In contrast to the experiments using isradipine, the stimulatory effect of PAR3-AP on [Ca 2C ] i was completely abolished by CPA (Fig. 3D) . These findings taken together demonstrate that PAR3-AP stimulates b-cell exocytosis by activation of phospholipase C leading to release of Ca 2C from intracellular stores.
PAR3-AP increases release of
PAR3-AP stimulates insulin secretion and exocytosis in human b-cells
PAR3 mRNA was detected in human islets (in the same range as that of PDX1) by RT-qPCR (ESM Fig.3 ). However, we failed to unequivocally demonstrate PAR3 protein expression because of unspecific antibody signals using Western blot (ESM Fig.3 ). There are several extra-islet sources of activated PAR3, in particular thrombocytes. By interacting with other GPCRs including other PARs, as has previously been shown, 22 ,23 activated PAR3 could therefore have a pathophysiological effect even if PAR3 itself is not expressed in b-cells.
Thus, we next investigated whether PAR3-AP stimulates insulin secretion in human islets. Islets from 3 (non-diabetic) donors were incubated for 1 h at 2.8 or 16.7 mmol/l glucose with or without the PAR3-AP corresponding to the human PAR3 tethered ligand (TFRGAP). PAR3-AP evoked a 105% stimulation of insulin secretion at high glucose (p D 0.0008; Fig. 4A ). Singlecell capacitance recordings of human b-cells showed that PAR3-AP induced a 140% potentiation of exocytosis compared with non-treated control cells (p D 0.04; Fig. 4B ). These findings show that PAR3-AP stimulates insulin exocytosis in human b-cells with a similar magnitude to that seen in rodent cells.
Increased thrombin generation is associated with enhanced insulin secretion in T2D
The PAR3 protease thrombin is generated by tissue factor (TF). TF activates factor VII (F7), which in turn increases active factor X (F10) and leads to cleavage of prothrombin to thrombin. Circulating TF and other markers of coagulation activity are elevated in T2D patients. [27] [28] [29] The mechanisms underlying the increased coagulability in T2D are not fully understood but have been attributed to hyperglycemia and dyslipidemia as well as inflammation. [30] [31] The effect of hypercoagulability in vivo on insulin secretion has not been investigated.
Increased coagulation activity has also been reported also in animal models of diabetes, including the Zucker Diabetic Fatty (ZDF) rat. [32] [33] We observed a mild hyperglycemia in 6-week old ZDF rats (ESM Fig. 2C ), which was paralleled by a pronounced upregulation of glucose-stimulated insulin secretion in vitro (p D 3E-6;ESM Fig. 2D ). By contrast, islets from 12 week old ZDF rats rather displayed a reduction of glucose-stimulated insulin secretion compared to control islets (p D 0.006) and severe hyperglycemia in vivo. These data are in line with previous observations of ZDF rats, which suggest an initial compensatory upregulation of insulin secretion that contributes to b-cell failure. [32] [33] To investigate whether increased thrombin activity in the plasma of ZDF rats affects insulin secretion capacity we incubated isolated islets from non-diabetic Wistar rats in medium supplemented with plasma from 12-week old ZDF rats in the absence or presence of the H103 antibody. Islets incubated with ZDF plasma secreted 120% more insulin compared to islets incubated with plasma from non-diabetic control rats (p D 0.0002 at 12 h; Fig. 4C) . Interestingly, the addition of the H103 antibody to the cell culture medium blocked the stimulatory effect of ZDF plasma on insulin release (p D 8E-5 at 12 h). These findings suggest that PAR3 activation is one factor that contributes to the upregulated insulin secretion in ZDF rats, in addition to elevated plasma levels of lipids and other insulin secretagogues.
The relationship between hypercoagulability and insulin secretion in man has not previously been investigated. The expression of TF was significantly higher in human islets from T2D donors compared with non-diabetic donors (p D 0.011;ESM Fig. 2E ), while there were no differences for F7, F10, thrombin and PAR3. The increased expression of TF may be derived either from the islet microvasculature or the endocrine islet cells. There was an association between islet TF expression and donor HbA 1c Based on the present data on TF expression in T2D islets, we postulated that the activity of the extrinsic coagulation cascade (rather than the absolute expression levels of the downstream coagulation factors) is associated with islet function in T2D. To directly test whether there was an association between thrombin generation and insulin secretion in vivo in T2D, we recruited 17 patients with T2D (ESM Table 4 ) and analyzed the thrombin generation potential in platelet-poor plasma from these patients. Coagulation of the blood samples was initiated in vitro by TF and phospholipids. The time to thrombin generation (lag time), the peak thrombin concentration and the area under the thrombin generation curve (the endogenous thrombin potential, ETP) were determined for each sample. On the same day, the patients also underwent an oral glucose tolerance test (OGTT). We found an association between reduced lag time (i.e. accelerated thrombin generation) and increased insulinogenic index (measuring insulin secretion during the first 30 min of the OGTT) (p D 0.038;r D ¡0.51; Fig. 4D ). There was also an association between reduced lag time and lower fasting glucose (p D 0.029;r D 0.63; Fig. 4E ). Moreover, fasting insulin corrected for glucose levels was associated with peak levels of thrombin (p D 0.002;r D 0.63; Fig. 4F ) and ETP (p D 0.037;r D 0.41; Fig. 4G ). These data taken together demonstrate that increased thrombin generation is associated with exaggerated insulin secretion in T2D patients.
Discussion
The present study demonstrates a previously unrecognized link between hypercoagulability and hyperinsulinemia in T2D. The stimulatory effect of thrombin on islet insulin secretion was prevented by blocking the thrombin cleavage site that exposes the PAR3 tethered ligand. We show that PAR3-AP, which corresponds to the tethered ligand, activates PLC and elicit Ca 2C -release from intracellular stores, culminating in increased insulin exocytosis. Activated PAR3 has been suggested to interact with PAR4 and activate both PAR1 and PAR2, and the PLC activation induced by PAR3-AP may therefore involve several interconnected PARs.
22 PAR3-AP enhanced exocytosis also in the presence of inhibitors of voltage-gated Ca 2C -channels, which argues against a major role of increased voltage-gated Ca 2C -influx in the stimulatory effect of PAR3-AP on exocytosis. The data rather support the involvement of Ca 2C -release from intracellular stores, since blocking the IP 3 receptor abolished the effect of PAR3-AP on exocytosis. Moreover, PAR3-AP-mediated increase of [Ca 2C ] i was prevented by emptying the intracellular Ca 2C -stores by CPA. Previous observations of Ca 2C -release from intracellular stores suggest that the ER is located close to the b-cell plasma membrane, 33 and Ca 2C -release from intracellular stores in the vicinity of the insulin granules will therefore immediately potentiate Ca 2C -dependent exocytosis. We propose a disease model for T2D in which increased thrombin generation activates PAR3, resulting in PLC activation, Ca 2C -release from intracellular stores and potentiation of insulin secretion. PAR3-AP enhanced insulin secretion and b-cell exocytosis also in human b-cells. Our findings also demonstrate that enhanced thrombin activity is associated with increased insulin secretion in T2D patients.
What are the pathophysiological consequences of thrombin-mediated stimulation of insulin secretion? Both hyperlipidemia and hyperglycemia have been suggested to increase the coagulation activity, and circulating coagulation markers are elevated in obese individuals who are pre-diabetic. 28, 30 Moreover, hyperinsulinemia has been shown to enhance the coagulation activity, 28, 31 and thrombin-stimulated insulin secretion may therefore further aggravate the hypercoagulability. In the short term, upregulated insulin secretion helps to maintain normoglycemia. However, hyperinsulinemia has detrimental long-term consequences involving increased insulin resistance and exhaustion of b-cells. Studies of Pima Indians have shown that fasting hyperinsulinemia predicts T2D. 34 Furthermore, individuals with persistent hyperinsulinemic hypoglycemia of infancy have been reported to develop diabetes later in life despite normal insulin sensitivity. 35 The experiments in ZDF rats demonstrate that the initial upregulation of insulin secretion at early stages of glucose intolerance (at 6 weeks of age) was followed by a pronounced reduction of glucose-stimulated insulin secretion and severe hyperglycemia at 12 weeks. Several mechanisms, including toxic effects of high lipid levels, have been suggested to cause islet failure in ZDF rats. 33 Our observations that plasma from ZDF rats stimulated insulin secretion in isolated islets from non-diabetic rats, an effect that was prevented by blocking PAR3 by H103 antibodies, suggest that increased thrombin generation may contribute to the pathophysiology by inducing a vicious cycle that is driven by exaggerated hypercoagulability and insulin secretion. This is corroborated by recent findings of enhanced thrombin generation in ZDF rats. 32 In vivo studies using PAR3 antibodies in diabetic animal models will be of interest to further explore the pathophysiology.
Although we did not observe a direct effect on apoptosis in vitro by PAR3-AP (after 48 h incubation), chronic overstimulation of insulin secretion has been proposed to induce ER stress and oxidative stress and result in b-cell dysfunction. 5 Both Ca 2C -concentration and PLC-activity in b-cell are normally tightly controlled. 36, 37 The physiological glucose-regulated activation of voltage-gated Ca 2C -channels results in minute bursts of Ca 2C -influx sufficient to trigger exocytosis of insulin granules in the vicinity of the channels. By contrast, PAR3-mediated release of Ca 2C from intracellular stores gives a considerably higher Ca 2C -load (Fig. 3A) . Chronically elevated Ca 2C -levels have been shown to impair b-cell function 5, 35 and there is evidence that low-grade inflammation alters Ca 2C -handling resulting in b-cell dysfunction. 38 Thrombin-stimulated insulin secretion via increased PAR3 activity could be one mechanism leading to b-cell exhaustion through changes in Ca 2C -homeostasis (Ca 2C -toxicity). PAR3 expression was similar in islets from T2D and non-diabetic donors, but the summary expression of the module of genes connected with PAR3 was altered in T2D islets. This demonstrates the potential of the network approach to find disease genes that would not be identified by differential expression analysis of individual genes. The approach could have broad applicability to identify disease-relevant GPCRs for a range of disorders using global gene expression data.
In conclusion, we identify PAR3 as a novel link between thrombin activity and increased insulin secretion. The data suggest a previously unrecognized role of hypercoagulability in the pathophysiology of T2D via thrombin-mediated exaggeration of insulin secretion. Moreover, our findings raise the possibility that antibodies that block PAR3 activation or commonly used drugs that decrease coagulation activity could be a potential therapeutic avenue to counteract the detrimental effects of hyperinsulinemia and excessive Ca 2C -load in the b-cells.
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